The coordinating behavior of a new dihydrazone ligand, 2,6-bis [(3-methoxysalicylidene) hydrazinocarbonyl]pyridine towards manganese(II), cobalt(II), nickel(II), copper(II), zinc(II) and cadmium(II) has been described. The metal complexes were characterized by magnetic moments, conductivity measurements, spectral (IR, NMR, UV-Vis, FAB-Mass and EPR) and thermal studies. The ligand crystallizes in triclinic system, space group P-1, with˛= 98.491(10)
Introduction
In the recent past, multi functional dihydrazones containing amide, azomethine and phenolic functions in duplicate have attracted a lot of attention, mainly due to their potentiality to yield homo-and hetero-polynuclear complexes [1] . The dihydrazones can act as good precursors for macrocyclic systems having available adjacent, similar or dissimilar coordination compartments, which are potential mono, bi and trinucleating ligands. The polynuclear complexes are of interest in the areas such as multimetallic enzymes, and homogeneous and heterogeneous catalysis [1] .
Polynuclear uranyl complexes of bissalicylaldehyde-2,6-dipicolinoyl-hydrazone have been reported by Paolucci et al. [2] . Chen et al. [3] have reported a series of trinuclear copper(II) complexes of 2,6-bis[ [5-substituted salicylidine] hydrazinocarbonyl] pyridine and also reported the crystal structure of copper(II) complex of the bissalicylaldehyde-2,6-dipicolinoyl-hydrazone [2] . The crystal structure of the complex reveals the tricompartmental nature of the ligand. However, no structural study is reported for the free dihydrazone derived from pyridine-2,6-dicarboxylic acid.
The ligating diversity of such ligands has prompted us to design and synthesize 2,6-bis [(3-methoxysalicylidene) hydrazinocarbonyl]pyridine [BMSHCPH 4 ] and to study its chelating behavior towards different transition metal ions such as manganese(II), cobalt(II), nickel(II), copper(II), zinc(II) and cadmium(II). It has shown binucleating behavior towards lanthanide(III) ions [4] .
Experimental

Materials
Pyridine-2,6-dicarboxylic acid (Spectrochem) and 3-methoxy salicylaldehyde (Fluka) were used without further purification and all other solvents were distilled before use.
Measurements
Elemental analyses were carried out on a Thermoquest CHN analyzer and metal complexes were analyzed for their metal contents by EDTA titration after decomposition with a mixture of HCl and HClO 4 [5] . The chloride content of the complexes was determined as silver chloride gravimetrically after decomposing the complexes with HNO 3 [5] . The IR spectra were recorded on a Nicolet 170 SX FT-IR spectrometer in the region 4000-400 cm −1 using KBr discs. The 1 H NMR spectra were recorded in DMSO-d 6 on Bruker Avance 300 MHz spectrometer. Magnetic susceptibility of the metal complexes were measured at room temperature on a Gouy balance using Hg[Co(SCN) 4 ] as the calibrant and diamagnetic corrections were made by direct weighing of the ligand for diamagnetic pull. Electronic spectra were recorded on a Carry-Bio-50 spectrophotometer in the range 200-1100 nm. The EPR spectrum of a polycrystalline sample was recorded at room temperature and also at liquid nitrogen temperature on a Varian E-4-X-band spectrometer using TCNE as a "g" marker. Conductance measurements were recorded in DMSO (10 −3 M) using ELICO-CM-82 conductivity bridge with the cell type CC-01 and cell constant 0.53. Electrochemical measurements were performed at room temperature in DMF using Optoprecission potentiostat. A three electrode assembly comprising a glassy carbon working electrode, a platinum auxillary electrode and a saturated Ag/AgCl electrode were used. The supporting electrolyte was 0.1 M TBAP (tetrabutyl ammonium perchlorate). The sample concentration was 0.002 M. Ferrocene was used as a standard showing the Fe(III)/Fe(II) couple at 0.38 V (versus Ag/AgCl electrode) under similar experimental conditions containing 0.1 M TBAP. TGA-DTA studies were carried out in the temperature range 25-1000 • C using TGA7 analyzer, Perkin Elmer, US with a heating rate of 10 • C per minute in nitrogen atmosphere. FAB mass spectra of the complexes were recorded on a JEOL SX 102/DA-6000 mass spectrometer/data system using Argon/Xenon (6 kV, 10 mA) as the FAB gas.
The crystal structure BMSHCPH 4 was determined by single crystal X-ray diffraction with dimensions of 0.35 mm × 0.30 mm × 0.30 mm. Data were collected at Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore on a BRUKER SMART APEX-CCD diffractometer with MoK␣ radiation ( = 0.71073Å) at 293 K and scan mode in the range of 1.91 < Â < 27.45 • . The structure was solved by direct methods and refined by Full-matrix least squares on F 2 . All of the non-hydrogen atoms were refined with anisotropic temperature factors. The calculations were performed with the SHELXTL programme [6] . The crystallographic data (CIF file) of BMSHCPH 4 A mixture of pyridine-2,6-dicarboxylic acid (1) (1.67 g, 10 mmol) and thionyl chloride (2) (10 cm 3 ) was refluxed for 5 h maintaining anhydrous conditions. Excess thionyl chloride was then removed under reduced pressure and further cooled in ice bath for 15 min to get (3). 15 cm 3 of super dry ethanol was added and refluxed for 3 h to obtain 2,6-diethylcarboxylatopyridine (4). This was further treated with hydrazine hydrate (5) (0.02 mol, 1 cm 3 ) in absolute ethanol (20 cm 3 ) and refluxed for 2-3 h to obtain 2,6-bis[hydrazinocarbonyl]pyridine (6) , which was washed with distilled water and recrystallized from hot water to give colorless silky needles.
Yield : 1.336 g, 80%; m.p.285-286
• C.
2,6-bis[(3-methoxysalicylidene)hydrazinocarbonyl]pyridine (BMSHCPH 4 ) was synthesized by the literature method [2] with a slight modification. To a hot suspension of (6) (1.95 g, 10 mmol) in absolute ethanol (20 cm 3 ), a solution of 3-methoxy salicylaldehyde (7) (3.04 g, 20 mmol) in the same solvent (20 cm 3 ) was added, and refluxed for 4 h. The yellow microcrystalline product (BMSHCPH 4 ) obtained was filtered, washed with hot water followed by hot ethanol, air dried and recrystallized from 2-ethoxyethanol to get crystals suitable for X-ray diffraction studies.
Yield : 1.365 g, 70%; m.p.270-272
Syntheses of manganese(II), cobalt(II), nickel(II), copper(II), zinc(II) and cadmium(II) complexes [M 3 (BMSHCP)·Cl 2 ·7H 2 O]
BMSHCPH 4 (0.481 g, 1 mmol) was boiled under reflux with sodium hydroxide (0.080 g, 2 mmol) in 75% aqueous ethanol (10 cm 3 ) for 30 min. The metal(II) chloride (Mn, Co, Ni, Cu, Zn and Cd) (3 mmol) dissolved in EtOH (10 cm 3 ) was added and the mixture was refluxed further for 4-5 h. The precipitate obtained was filtered, washed with distilled water and dried in air. Attempts to grow single crystals were unsuccessful.
Yield : 65-76%.
Results and discussion
Analytical data are presented in Table 1 . All the complexes have 3:1 (M:L) stoichiometry. They are soluble to a limited extent in EtOH, MeOH, DMF and DMSO, but insoluble in H 2 O, CHCl 3 and C 6 H 6 . The molar conductance values of the complexes ranging from 0.43 to 0.71 Ohm −1 cm 2 mol −1 suggest their non-electrolytic nature [7] . The manganese(II), cobalt(II), nickel(II) and copper(II) complexes showed the magnetic moments of 4.82, 3.72, 2.23 and 1.47 B.M. per atom, respectively. These values are less than the high spin metal octahedral complexes probably due to metal-metal interaction in the complexes [8] . Zn(II) and Cd(II) complexes are diamagnetic.
Crystallographic studies of BMSHCPH 4
Crystallographic parameters, selected bond lengths, bond angles and hydrogen bonds in the structure are given in Tables 2-4 . The ORTEP [9] and molecular packing diagrams are shown in 
IR spectra
The diagnostic IR bands are listed in Table 5 . The IR spectrum of BMSHCPH 4 showed a series of broad and weak absorption bands extending from 3246 to 2936 cm −1 due to intramolecular hydrogen bonding [OH· · ·N C] [13] and it was confirmed by the crystal studies. In all the complexes, the bands due to v(OH) and v(NH) were absent, indicating the complex formation through phenolic oxygen and amide nitrogen via deprotonation [14, 15] . The absence of amide I band and presence of a new strong and broad band centered at 1615 cm −1 in all the complexes was assigned to the stretching frequency of newly formed C N-N C azine moiety indicating the coordination of amide oxygen and nitrogen through enolization and deprotonation [3] . This was further supported by the disappearance of amide II and III bands. The C-H in plane bend and out of plane bend vibrations showed considerable shift to the higher frequency by 20-22 and 8-12 cm −1 , respectively indicating clearly the coordination of pyridine nitrogen to the metal [15] .
The presence of a broad band in the region 3434-3470 cm −1 was attributed to the v(O-H) of coordinated water [15] . This was further confirmed by the appearance of a weak non-ligand band in the region 831-856 cm −1 , in all the complexes assignable to rocking mode of coordinated water [16] . The presence of coordinated water molecules was further confirmed by TG studies Looking into the position of coordinating sites in the crystal structure of BMSHCPH 4 and bonding sites as suggested by the IR observations, it can be concluded that the ligand behaves as tricompartmental (a, b and c) ligand as shown in Scheme 1. 
1 H NMR spectra
The numbering scheme for the assignments of the protons is given in Scheme 1. The 1 H NMR spectrum of BMSHCPH 4 in DMSOd 6 shows only one set of signals indicating the two pendant arms of the pyridine moiety are magnetically equivalent on the corresponding nmr time scale. Two broad singlets at 10.66 and 12.41 ppm are assigned to two NH and two OH protons, respectively [2] , and are exchanged by D 2 O. The presence of these signals in the downfield region in comparison with aromatic protons was due to the involvement of both the phenolic oxygens and amide nitrogens in intramolecular hydrogen bonding which was confirmed by the crystal structure. A sharp singlet at 8.97 ppm was ascribed to two azomethine protons [H7 and H7 ] [2] . A multiplet at 8. Table 5 IR spectral assignments of BMSHCPH4 and its metal complexes (cm bled and observed in the up field region at 6.80 and 6.70 and 6.41 and 6.14 ppm. Another signal due to H13 and H13 has also shifted up field by 0.45 ppm. These changes indicate the coordination of phenolic oxygen to the metal [2] . The signal due to methoxy group shifted up field and appeared as two singlets at 3.73 and 3.62 ppm, which clearly supports the non-equivalence of the two pendant arms upon complexation.
EPR spectra
The EPR spectrum of the present copper(II) complex at room temperature as well as at LNT exhibit unresolved broad signals giving only one 'g' value, i.e., g iso = 2.106. Such isotropic spectra, consisting of a broad signal and hence only one g-value, arise from extensive exchange coupling through misalignment of the local molecular axes between different molecules in unit cell (dipolar broadening) and enhanced spin lattice relaxation. This type of spectra unfortunately give no information on the electronic state of the Cu(II) ion present in the complex.
Electronic spectra
The electronic spectrum of BMSHCPH 4 showed three bands in the UV region at 314, 308 and 304 nm. The former two bands were assigned to -* transitions and latter to n-* transition. In the electronic spectrum of the cobalt(II) complex [ Fig. 3(a) ], two spin allowed transitions at 560 and 441 nm were observed, assignable to 4 T 1g → 4 A 2g (F) and 4 T 1g (F) → 4 T 1g (P), indicating an octahedral geometry around the metal center [19, 20] . A broad band at 510 nm in the nickel(II) complex [ Fig. 3(b) ] was due to the 3 A 2g → 3 T 1g (P) transition, indicating an octahedral geometry for the nickel(II) complex [19, 21] . In addition to this band, nickel(II) complex showed two broad bands centered at 437 and 329 nm, which are probably due to the charge transfer transitions. A broad band centered at 610 nm, observed as an envelope in copper(II) complex, assigned to the 2 Eg → 2 T 2g reveals the octahedral geometry [19] and another broad band at 442 nm was due to charge transfer transition. The manganese(II), zinc(II) and cadmium(II) complexes did not show any bands.
Electrochemistry
The effect of ligands on oxidation-reduction potential and of central metal ion in copper(II) complex, which is a multinuclear cluster, was studied by the cyclic voltammetry. The cyclic voltammograms are scanned at different rates (0.025 V/s, 0.05 V/s and 0.1 V/s) in different potential ranges (+1.2 V to −2.0 V and 1.2 V to −1.6 V).
In general the cyclic voltammograms [ Fig. 4] show that all the reaction occurring are irreversible. This irreversibility increases with increase in the sweep rate. Since this system has trinuclear copper, various voltametric peaks appear. The peak at −1.4 V [ Fig. 4(b) ] is due to the intermediate formed in the reduction reaction, which disappears at high scan rates [ Fig. 4(b) and (c)] . The peak at −1.0 V is due to the reduction of Cu II Cu II Cu II -Cu I Cu I Cu I [ Fig. 4(a) and (b) ]. The peak at −0.6 V [appear only in Fig. 4(a) ] is due to the reduction of Cu II Cu II Cu II -Cu I Cu II Cu I . This is because; the current continues to be cathodic even when the scan is reversed. The potential is still negative, which is enough to cause reduction. Once the potential becomes positive, reduction of electro active species can no longer occur and the current becomes anodic. The peak at 0.45 V [ Fig. 4(b) ] corresponds to one electron oxidation of Cu II Cu II Cu II -Cu II Cu III Cu II . This occurs only at higher potential, which is due to satiric effect experienced by central copper. The observed peak shift further apart with increasing scan rates, which further confirms the irreversibility of the system. Moreover the peaks are widely separated that no parts of two peaks overlap on the potential axis. Therefore this system can be classified as totally irreversible system. Electrochemical irreversibility is caused by slow electron exchange of redox species with the working electrodes; in this case, at very high scan rate [ Fig. 4(c) ] since the system is completely irreversible, no oxidation or reduction takes place.
FAB mass and thermal studies
The FAB mass spectra were obtained for the trinuclear com- Fig. 6(b) ] showed a weight loss of 14.80% (calcd. 14.88%) in the range 150-237 • C. The observed weight loss in the first step for both the complexes corresponds to the loss of seven coordinated water molecules. The temperature range rules out the possibility of lattice held water. In the second step two coordinated chlorides were lost in the temperature range 210-320 • C in the manganese(II) complex and the 237-310 • C range in the copper(II) complex, with a mass loss of 8.60% (calcd. 8.65%) and 8.30% (calcd. 8.38%) respectively. In the last step, ligand was lost in the temperature range of 320-490 • C and 310-452 • C with the mass loss of 55.85% (calcd. 55.90%) and 54.15% (calcd. 54.22%) in the manganese(II) and copper(II) complexes, respectively. A plateau is obtained after heating the manganese(II) complex above 490 • C, and copper(II) complex above 452 • C which correspond to the formation of stable MnO and CuO. The weight of MnO and CuO corresponds to 25.95 and 28.12%, respectively and tallies with the metal analysis.
Conclusions
The crystal structure of the BMSHCPH 4 clearly reveals the presence of donor sites in the tricompartmental mode. From the IR and NMR spectral studies, it is concluded that BMSHCPH 4 acts as a nonadentate tricompartmental ligand by coordinating through hydrazonic carbonyl oxygen, hydrazonic nitrogen and phenolic oxygen [in the two side compartments (a and c)] and through pyridyl nitrogen and two hydrazonic nitrogens [in the central compartment (b)] as shown in the Scheme 1. The proposed structure for the all the complexes is depicted in Fig. 7 .
